A comprehensive investigation on the equilibrium geometry, relative stability, vibrational spectra, and magnetic and electronic properties of neutral tantalum clusters (Ta n , n ¼ 2-17) was performed using density functional theory (DFT). We perform a study of the size dependence and correlations among those descriptors of parameters, and showed these could provide a novel way to confirm and predict experimental results. Some new isomer configurations that have never been reported before for tantalum clusters were found. The growth behaviors revealed that a compact geometrical growth route is preferred and develops a body-centered-cubic (BCC) structure with the cluster size increasing. The perfectly fitted functional curve, strong linear evolution, and obvious odd-even oscillation behavior proved their corresponding properties depended on the cluster size. Multiple demonstrations of the magic number were confirmed through the correlated relationships with the relative stability, including the second difference in energy, maximum hardness, and minimum polarizability. An inverse evolution trend between the energy gap and electric dipole moment and strong linear correlation between ionization potentials and polarizability indicated the strong correlation between the magnetic and electronic properties. Vibrational spectroscopy as a fingerprint was used to distinguish the ground state among the competitive geometrical isomers close in energy. The charge density difference isosurface, density of states, and molecular orbitals of selected representative clusters were analyzed to investigate the difference and evolutional trend of the relative stability and electronic structure. In addition, we first calculated the ionization potential and magnetic moment and compared these with the current available experimental data for tantalum clusters.
Introduction
Clusters are aggregates of a nite number of atoms or molecules, bridging the gap between isolated atoms/molecules and the macroscopic solid state of matter.
1 Transition metal (TM) clusters have attracted considerable attention and showed promise in various applications, such as nanoelectronics, catalysis, biological and chemical sensing, molecular imaging, biological labeling, and biomedicine.
2,3
The ionization enhancement behavior has been investigated for tantalum clusters by strong-eld ionization and in a Coulomb exposition study. 4 Gas-phase clusters represent an ideal model system to study quantum coherent phenomena at practically macroscopic scales. 5 Most recently, Kramers blocking of spin-lattice relaxation in clusters of vanadium-group elements have been studied, and this relaxation of the quantum phenomenon was clearly found to be more efficient for larger nuclear mass tantalum clusters.
5 Tantalum clusters and their oxide complexes have also gained attention for their enhanced oxygen reduction reaction as catalysts, [6] [7] [8] ferroelectric state, and spin uncoupling property related to their superconductivity characteristics. 9 Both experimental and theoretical studies have been carried out to investigate the characteristic parameters of neutral and charged tantalum clusters. Sakurai et al. observed the magic numbers by time-of-ight (TOF) mass spectrometry. 10 The ionization potentials were measured by threshold laser photoionization spectroscopy.
11
The magnetic moments were measured by a magnetic deection method and discussed by
The geometric and electronic structures of clusters can vary for different charge states, especially in terms of their vibrational pattern and structural ngerprint. 16 Some experimental studies concentrated on the electronic properties of neutral clusters were only based on the limited geometry of charged clusters by using mass-selected methods. [17] [18] [19] More recently, a two-color IR-UV spectroscopy method was used to directly probe the electronic density of states (DOS) and vibrational spectra for isolated neutral cobalt clusters. 20 Neutral Tm and Pr clusters were produced successfully in a cryogenically cooled laser vaporization source, and their size-dependent electric dipole, polarizability, and magnetic moments were investigated by experiment. 21 The geometrical structure of a cluster also plays an important role in the determination of its properties, and this structural information may be obtained from a comparison of measured experimental vibrational spectra with theoretical calculations, as has been done successfully for vanadium and niobium clusters. [22] [23] [24] The existing theoretical studies on neutral tantalum clusters, however, are not sufficient as they are limited to either selected sizes or only examine simple geometries. For example, theoretical studies for tantalum clusters are limited to dimer, trimer, and tetrahedral clusters, [25] [26] [27] [28] [29] [30] [31] [32] [33] while several available DFT studies for larger neutral tantalum clusters only plotted and concentrated on their lowest-energy structures. 9, 34, 35 Polarizability is very sensitive to the delocalization of valence electrons as well as to the cluster structure and shape, and therefore, it represents one of the most important observables for understanding the electronic properties of clusters. Specifically, the experimentally measurable static dipole polarizabilities can provide information on the bonding and geometrical features of clusters. [36] [37] [38] [39] The electronic polarizabilities can be measured by passing a collimated beam of neutral clusters through an inhomogeneous electric eld.
1 Electric dipole polarizabilities for many neutral TMs clusters have been investigated by molecular beam deection experiments, 40 such as aluminum, nickel, niobium, noble metals, pure and mixed alkali metals. But until now, no measurements of static electric polarizabilities for tantalum clusters has been available. In addition, there are no theoretical investigations in the literature on the ionization potential in order to compare the existing experimental measurements.
11 Since we demonstrated a strong linear correlation between the ionization potential and polarizability for scandium and yttrium clusters in our previous reports, 40, 41 we were interested to know whether this principle could also serve as one criterion of this relation for tantalum clusters. Thus, the polarizabilities of tantalum clusters then could be predicted by the correlation with the measured ionization potential, and the ionization potential could serve as a bridge between them.
With this in mind, we performed an extensive and systematic study, rst using a hybrid DFT functional to investigate neutral tantalum clusters. In consideration of the computational time, which can be explained clearly by the cluster properties of size dependence and correlation, our study was performed for Ta n clusters with sizes up to n ¼ 17. We aimed to determine their low-lying geometrical isomers, structural evolution, and relatively stability. We explored a compact geometrical growth route for neutral tantalum clusters, and present herein some new isomer congurations that have never been reported before or that are different from those reported in previous studies of tantalum clusters. We also performed an analysis of the charge density and DOS to gain insights into the electronic structure for selected lowest-energy geometries of the clusters. The magnetic and electronic structural properties, including magnetic moment, electric dipole moment and HOMO-LUMO gap, static dipole polarizabilities, electron affinity, ionization potentials, and their relationships between relative stability with each other were also predicted. We rst compared the ionization potential and magnetic moment by theory with available experimental data for tantalum clusters. The main purpose of this work was to conrm and interpret the size dependence and correlation for different properties and the reactivity of tantalum clusters. This includes the correlation between equilibrium geometry, relative stability, vibrational spectra, magnetic and electronic properties, followed by the theoretical and experimental predictions based on sizedependent evolution. It is hoped that our work would be benecial to gaining a greater understanding of the physical and chemical properties of small TM clusters, and could act as powerful guidelines for future theoretical and experimental research.
Computational method
All geometry optimizations, vibrational frequency analyses, and electronic structure calculations of tantalum clusters up to 17 atoms were carried out using DFT within the Gaussian 03 programs. 42 The exchange-correlation functional B3LYP and the relativistic effective core potential (RECP) basis set LANL2DZ were used for all of the computations. The accuracy of the theoretical level was checked by calculations on a tantalum dimer and trimer. The results are summarized in the ESI † of this paper. Comparisons between our calculated results of Ta 2 and Ta 3 and measurements as well as the results of previous theoretical calculations showed that DFT is adequate for calculating their bond lengths, relative energetic, and electronic properties. Therefore, the selected B3LYP/LANL2DZ DFT level can be reliably used to investigate properties for larger tantalum clusters. The nite eld approach 43 implemented within the GAUSSIAN 03 package was used to calculate the static electric polarizability and dipole moments of natural tantalum clusters. The detail computational method and denition for the reactivity descriptors can be referenced from the section titled "Computational detail" in the ESI. † 3 Results and discussion
Equilibrium geometry and growth behavior
The global minimum as well as all metastable congurations together with their symmetry, electronic states, and the relative energies from the ground state of neutral Ta n (n ¼ 4-17) clusters are displayed in Fig. 1 . A detailed analysis of the geometrical information and energy difference for those isomers of tantalum clusters was performed and is detailed in the in ESI. † Also, in Table S1 in the ESI, † we have listed all information on the structure and energy for all the calculated stable geometries of the neutral Ta n (n ¼ 2-17) clusters, including their symmetry, spin multiplicity, total energy, average binding energy per atom, and zero-point vibrational energies.
Similar to niobium clusters, 44 the turnover point of the planar to 3D geometry also undergoes an early transition, which occurs with the size of 4 atoms for tantalum clusters. Thus, a 3D compact shape of geometrical evolution is favored generally for tantalum clusters. Starting from seven-atom tantalum clusters, the planar congurations were not selected to search for the stable structures. The initial 3D geometries based on capping different faces of the pentagonal bipyramid (PBP), prism, octahedron, and antiprism structures were considered instead. Their optimized ground state structures can be regarded as adding orderly one atom or single capping. Several different isomers and their competitive candidates of Ta 8 , Ta 9 , and Ta 10 cluster are depicted in Table S1 † and Fig. 1 . For Ta 8 , the bicapped distorted octahedron with a C 2v symmetry and spin single state ( 1 A) (8-a) was found to be the lowest-energy structure. This structure can be viewed as the one obtained from the capping of a PBP, or from bicapping of the Ta 6 structure. A similar structure was obtained for the Ta 8 cluster by Fa et al.
9
For Ta 9 , a tricapped prism structure with a C 3h symmetry (9-a) was found to be the ground state geometry. Another view of this structure is that of a triangle capping a pentagonal pyramid or a rhombus capping a rectangle that evolved from the lowestenergy structure of Ta 8 by capping one atom on the top of a bicapped octahedron. This lowest-energy structure for Ta 9 is different with the result in ref. 9 , which is for a hexagon with cappings of one and two atoms on the two faces (9-b, another view of this structure is that of two fused pentagonal bipyramids) obtained within the Dmol 3 program using the GGA method, which lies 0.115 eV higher in total energy. However, Kumar et al. 44 and Grönbeck et al. 45 obtained a tricapped prism as the lowest energy for a Nb 9 cluster when using BLYP and an ab initio ultraso pseudopotential method, respectively. For Ta 10 , the bicapped antiprism structure with a C 2v symmetry (10-a) and spin triplet state ( 3 A) was found to be most stable. This structure could also be considered to arise from the capping of a prism. Thus, for the smaller size range of n # 10 clusters, the growth behavior showed competition between the tetrahedraland prism-based growth. Three competitive candidates for the ground state of Ta 11 were found, which nearly degenerated with the same energy.
Similar to the results by Grönbeck et al. 45 for Nb 11 and Fa et al. for Ta 11 , our calculated four-capped pentagonal bipyramid was the lowest-energy structure and the three-capped hexagonal bipyramid structure was the rst close-lying isomer for the Ta 11 cluster. Two competitive candidates, which were formed by adding one atom to Ta 11 for the close-lying state of Ta 12 , appeared. They all evolved by capping one atom on the distorted pentagonal bipyramid and hexagonal bipyramid structure of Ta 11 , respectively. Fig. 1 shows that our calculation obtained two isomers (12-d and 12-e) that have never been found for V, Nb, and Ta clusters before. In the previous study using the GGA method, 9 the lowest-energy structure of Ta 12 was predicted to be a relaxed icosahedron missing one surface atom (12-b) . However, for the Ta 12 + cluster cations, a slightly distorted icosahedron was considered to be the lowest energy structure in the recent study by Du et al.
14
A quasilayer-like growth mode based on a hexagonal bipyramid unit was observed from Ta 13 to Ta 17 clusters, as indicated in Fig. 1 . Their optimized ground state structures could be regarded as orderly adding one atom or single capping. The 13-atom cluster is one of the most studied clusters because it is considered as the seed for different cluster growth patterns. The ground state of the Ta 13 cluster was found to be a distorted ve-capped hexagonal bipyramid (HBP) structural pattern (13-a) based on the ground states of Ta 11 . It is a spin double state (  2 A) with C s symmetry. 13-atom clusters of many transition metals have been found to have an icosahedral structure. However, it is not even a local minimum for Ta 13 according to our calculated result. It should be noticed that the capped icosahedron isomer relaxes signicantly and lies highest in energy for Ta 14 . From the growth behavior of Ta 12 -Ta 14 , it can be concluded that tantalum clusters do not favor icosahedral growth, just like niobium clusters. 46 For Ta 15 , two competitive candidates for the ground state were found. The Ta 15 cluster prefers a fragment structure of the BCC bulk tantalum as the lowest energy structure (15-a), which agrees with previous theoretical studies on neutral Ta 15 clusters.
9,35 However, there is a slight distortion and the symmetry with C s is not fully cubic. This structure shows another view of a hexagonal layer with the center atom capped with a rhombus above and below. The capped BCC geometry also shows the highest stability in other TM 15-atom clusters, such as Nb 15 It is generally known that the crystal structure of Ta bulk is a BCC structure. The lowest-energy structures were found to favor the BCC unit geometry, which means it can be obtained easily in experiment.
Continuing the growth trend of hexagonal structures, Ta 16 and Ta 17 were based on the capping of hexagonal bipyramid structure of Ta 15 (15-b) with a dimer and a trimer on one of the hexagonal faces. The next isomer of Ta 16 and Ta 17 clusters were formed by adding one atom on the face of the pentagonal bipyramid structure. Though the capped icosahedral isomer was separated from the ground state by a large energy gap, a capped decahedron was found as the rst close-lying isomer of Ta 17 , lying 1.567 eV higher in energy. The ground-state structures of Ta 16 and Ta 17 showed a trend of hexagonalbased growth. These results suggest that clusters with hexagonal isomers in which a bulk BCC type structure possess the lowest energy become favorable, and the icosahedral growth is never favored for larger tantalum clusters. The optimal structure of a tantalum cluster is not simply built up from the smaller size cluster by adding one atom randomly, otherwise the preferred growth route tends to yield a compact structure.
The electronic and magnetic structures of clusters strongly depend on their geometric quantity and sensitivity to nite size effects. For example, Tb clusters exhibit irregular oscillatory ferromagnetic and antiferromagnetic exchange interactions between their moments and the interatomic distance of the clusters. 49 In the present, the average bonding distance (R ave ) between atoms is dened as:
where R ij is the nearest-neighbor distance less than 15% of the minima distance and N b is the number of bonds of cluster. As shown in Fig. 2 , R ave increases with some local oscillations during the cluster growth process. The bulk limit for the tantalum BCC lattice 50 is indicated in Fig. 2 by a horizontal dashed blue line. The average bond length was 2.829Å for Ta 17 , slightly smaller than the bulk nearest-neighbor distance (2.880 A). 50 It is interesting that the average bonding distance per atom parameter, which is dened as R ave /n (n being the number of Ta atoms in the cluster), decreased monotonically and coincided perfectly with the curve of the Lorentz functional with increasing the cluster size numbers. The calculated and tting curves together present a very useful tool to predict the geometrical structure information related to the bonding radius for small clusters.
Binding energy and relative stability
In order to understand the size dependence and relationship between the binding energy and relative stability of Ta n clusters, we calculated the total binding energy (E b ), binding energy per atom (E b /n), and second-order difference of energies [D 2 E(n)] based on the total energies of the lowest-energy structures, based on the total energies and evaluated by using the following expressions:
where E(Ta n ) and E(Ta) are the energies of a Ta n cluster and a free Ta atom [state:
4 A 1G , E(Ta) ¼ À57.638 a.u. calculated by the B3LYP/LANL2DZ DFT method] with zero-point energy corrections, respectively. The calculated total binding energy linearly increased with the cluster size, as shown in the inset of Fig. 3 , and therein the red line is the linear tting result (the function can be found in the gure). However, the binding energy cannot always increase with the increasing cluster size. This linear correlation is only limited to the calculated nite atoms number for small tantalum clusters. Alternatively, we plotted the binding energy per atom versus the inverse of cluster size (1/n) in Fig. 3 , which also shows that there conformably exists a strong linear relationship between them. The binding energy per atom converges to the cohesive energy of bulk Ta when the cluster size n grows to an innite value (lim 1/n / 0). By simply linear tting our calculated binding energies of Ta n (n ¼ 2-17) clusters, one intercept of the line with a value of 4.993 eV was obtained, which is far from the experimental cohesive energy per atom of Ta bulk (8.10 eV per atom) 50 These results imply that the compact icosahedron growth patterns will be invalid for larger tantalum clusters and it will change to a BCC crystal structure nally. 51 This conclusion is coincident with the above discussed geometrical result in which the BCC structure is energetically preferred for neutral tantalum clusters.
As shown in Fig. 4 , the E b /n values of the ground state t a curve of the Exp-Assoc. nonlinear function [y (E b 
, and increase monotonically with increasing cluster size numbers (n). The binding energy per atom of tantalum clusters increases rapidly with the cluster size up to n ¼ 7. Then, the curve becomes smoother in the size range of n ¼ 8-17. The small humps in the E b /n curve only indicate a large stability for some specic clusters, which cannot obviously reveal the stability for all tantalum clusters. Further, the second difference in the energy of ground state was analyzed to investigate the stabilities and magic numbers of tantalum clusters.
The understanding of the variation in the second differences in the energy properties of clusters is important for catalysis and can provide a good way to show the relative local stability of small clusters. 52, 64 From our denition of D 2 E(n) by eqn (4) in the ESI, † we can estimate that the relative stabilities that have positive values are more stable than their neighboring sizes. The particular peaks and valleys corresponding to n ¼ 4, 7, 10, 12, and 15 (highlighted by the red circles in Fig. 4 ) indicate that these clusters are the magic numbers for local stability maxima compared with their neighbors. Being coincident with the measured TOF mass spectra and a previous DFT study, the magic numbers of neutral Ta n clusters were obtained at n ¼ 4, 7, 10, and 15.
9,10 Our present work also indicates that the Ta 12 cluster corresponding with a distorted empty cage icosahedron shows a very prominent stability. Similar to the Ta 12 + cluster cation, 14 the highly compact icosahedron geometry with S 10 symmetry of neutral Ta 12 cluster may be responsible for the enhanced stability. The positively charged tantalum clusters cations, 14 with one electron missing from the neutral cluster, still follow a similar pattern in the compact growth of the ground-state geometry and the relative stability order.
Our current conclusion for the magic cluster Ta 12 is inconsistent with the experimental results from TOF mass spectrometry, 10 in which the Ta 13 cluster is one of the magic number clusters. Also the neutral Ta 12 cluster was not found to be magic in a previous DFT study. 9 It would useful, therefore, to explore the nature of chemical bonds via the changes in electronic charge density during the cluster and molecule formation. In this study, the deformation charge density (Dr) is dened as:
where r is the charge density of the cluster and atom, i.e., the deformation charge density isosurface is the cluster's charge density aer bonding minus the individual free atoms' charge density on their isosurface. Through the deformation charge density, one can obviously obtain the properties of charge moving and the direction of polarization during the process of bonding and electron coupling. The charge density difference isosurface in Fig. 5 indicates that the structure of the Ta 12 cluster with an empty cage distorted icosahedron (ICO) and S 10 symmetry shows a very prominent stability, in which the steric hindrance effects and charge interactions are the smallest. Its high stability is attributed to the high-symmetry geometries and compact atomic arrangements of the clusters. The ground state of the Ta 13 cluster was found to be a distorted ve-capped hexagonal bipyramid structural pattern, which can help reduce the steric hindrance effect and the charge rejection. Compared with several previous studies for 13-atom materials, 34 we conclude that the icosahedral growth is not favored for tantalum clusters. Although the distorted slightly icosahedral structure doped with one atom to the ground state of Ta 12 is not a local minimum for Ta 13 clusters, to the ground-state structure of Ta 13 with empty space is added two extra atoms to form a compact hexagonal ICO structure with 15 atoms, which is the magic number of clusters and it has a higher stability.
Vibrational spectra
As discussed above, there are always one or two competitive candidates of the ground state for certain species of neutral tantalum cluster sizes. The energy difference of those degenerated isomers is so tiny that it can be hard to distinguish which one is the ground state structure. In Table S1 , † we have listed all the vibrational peaks or their most clear six peaks for the ground state structure and their isomers of neutral Ta n (n ¼ Fig. 6 . The frequency range is shown from 0 to 300 cm À1 , as no signals were found at higher photon energy. By comparing the previous experimental and theoretical spectra for tantalum cluster cations, 12,14 a signicant change in vibrational spectra of neutral tantalum clusters could be found by removing one electron.
As depicted in Fig. 6 , the vibrational spectra for the ground state of Ta 3 14 The entire different vibrational spectroscopy results for three isomers and their clear peaks can be used to compare the results with the experimental spectrum. It may require a selective method to distinguish which one is the ground state structure that can be measured experimentally among those isomers close in energy.
Vibrational spectroscopy is a preferred method to obtain information on the structure and bonding of clusters. It depends sensitively on the cluster size and geometrical and electronic structure. Even the same isomer but with different spin states has its own individual ''ngerprint'' spectrum. As shown in Fig. 6 , it is clear that the calculated spectra of both the ground state and the close-lying state are completely different. However, up to now, no experimental IR data have actually been available to allow comparisons for neutral tantalum clusters species. A comparison between the calculated and experimental values of vibrational frequency is a sensitive benchmark for testing the performance of different computational models in order to judge their accuracy and to apply them to larger or more complex systems. 53, 54 Thus, to obtain structural information and to distinguish those competitive candidates for the ground state that are nearly degenerate with an approximate energy, we hope that further experimental research on vibrational spectra will be performed in the future to compare with our theoretical spectra.
Magnetic moments, electric dipole moment, and HOMO-LUMO gap
A reduced atomic coordination induces the asymmetric charge distribution, which leads to stronger electron localization and unequivalent interatomic distances, which then enhances the ferroelectricity and ferromagnetism for tantalum clusters. 9 As shown in Fig. 7 , our calculated atomic magnetic moments ranged from 0 to 5 m B for the lowest energy structures and oscillatory decreased with increasing cluster size, displaying remarkable size dependence with an odd-even oscillation. An interesting atomic-like behavior, which is a direct indication of the absence of spin-lattice interaction, indicated various quantum relaxation processes for the tantalum clusters.
5
By comparing the experimental results with magnetic deection measurements, although they exhibited a similar oscillation trend and agreed well for larger Ta n (n ¼ 12-16) clusters, our calculated magnetic moments were generally higher. The measured value for those smaller tantalum clusters were between our calculated results based on the B3LYP/ LANL2DZ level and those previously reported by the GGA functional DFT method. 9 The previous reports in theory for the magnetic moments of tantalum clusters showed that even-and odd-numbered clusters have the same spin moment of 0 and 1 m B for neutral clusters, 9 or 1 m B and 2 m B for their cations, 14 respectively. The magnetic moments of tantalum clusters change discontinuously with geometrical structure for the lowest-energy structure and their degenerated isomers. SternGerlach molecular beam deection experiments cannot distinguish those energetically close isomers. 55 For example, as listed in Table S1 , † the most stable Ta 4 , Ta 8 , and Ta 14 clusters exhibit nonmagnetic ground states. However, 4-b, 8-b, and 14-b, which are the second-lowest competitive candidates, have 2 m B magnetic moments. Thus, in this paper, we obtained many geometrical isomers for different cluster sizes that could be used to conrm and interpret the experimental data.
To further investigate the ferroelectricity and ferromagnetism of tantalum clusters, the electric dipole moments (EDMs) were calculated and demonstrated their relationship with geometrical structure. The obtained dipole moments for the ground state of Ta n (n ¼ 2-9) clusters with highly symmetry were generally very low with almost zero value approximately, except for the Ta 4 cluster. A similar result appeared in our previous investigation for scandium clusters. 41 The larger Ta n (n $ 10) clusters exhibit nonzero EDM, therefore they become multiferroic or magnetoelectric clusters because of the unpaired spin and symmetric structure. Compared with charged clusters, most of the Ta n + clusters correspond to moderate dipole moments, 14 while neutral clusters show very different dipole moments, as plotted in Fig. 8 and listed in Table S1 . † We should emphasize that the calculated dipole moment of Ta 16 and Ta 17 clusters are obviously larger than their preceding cluster sizes, with values of 2.248 and 3.116 Debye, respectively. The gap between the highest occupied and the lowest unoccupied molecular orbitals (HOMO-LUMO gap, E gap ) can be used to analyze the stability and their transition to metallicity with increasing cluster size. As presented in Fig. 8 , the energy gaps of tantalum clusters gradually decreased with the increasing cluster size, which indicates a trend of nonmetallic-metallic transition and therefore they should be more reactive.
An interesting size dependence and correlation with the electronic properties should be noted, in which a small HOMO-LUMO gap corresponds generally to a high nonzero dipole moment for neutral tantalum clusters (indicated by orange arrows in Fig. 8) . However, the relationships for scandium and yttrium clusters are reversed with tantalum clusters, 40, 41 which follow the same evolutionary trend as the cluster size increases, owing to the energy gap of a cluster precisely depending on the eigenvalues of the HOMO and LUMO energy levels. In the perturbation theory, static dipole polarizability (a) is expressed as a sum of contributions from all excited states. 65 A clear correlation between the polarizability and HOMO-LUMO gap holds if the dominant excited state is mainly described by the HOMO-to-LUMO transition. 56 This also can be easily rationalized using the two-level model:
where a is the polarizability, m t 2 is the transition dipole moment from the ground state to the rst dipole-allowed excited state, and D t is the corresponding transition energy. Approximately, D t can be replaced with the HOMO-LUMO energy gap. From this model, we can see that the cluster with a large (or small) HOMO-LUMO gap and low (high) dipole moment will lead to a small (large) polarizability. As discussed in this paper and presented in Fig. 11 , the polarizabilities of Ta n (n ¼ 2-17) clusters exhibit local minima at their magic number (n ¼ 4, 7, 10, 12, and 15), all of which have relatively smaller polarizabilities in comparison with their neighbors in cluster size. For example, for the Ta 12 cluster, an inverse correlation between the HOMO-LUMO gap (large) and dipole moment (low) leads to a local minima static dipole polarizability as a magic number cluster. Thus, a large HOMO-LUMO gap corresponds generally to a smaller nonzero dipole moment for the magic number tantalum clusters, except for Ta 4 , while a relatively small HOMO-LUMO gap corresponds generally to a high nonzero dipole moment for other tantalum clusters, except for Ta 13 . The Ta 4 and Ta 13 clusters exhibit relatively lower dipole moments, leading to them not tting the above analysis result. For some semiconductor and transition metal (TM) clusters, a higher symmetry and compact geometrical structure oen lead to a relatively low dipole moment. 36, 56, 57 According to our results of geometrical optimization, the lowest energy structure is a tetrahedron with T d symmetry for the Ta 4 cluster and a ve-capped hexagonal bipyramid (HBP) compact structure for the Ta 13 cluster. In addition, as listed in Table S1 , † the different isomers have different EDMs, which shows that the geometrical structure of a tantalum cluster has a very important effect on its EDM, even when they are energetically close. With an increase in the number of atoms, there exist some metastable isomers close to the lowest-energy structure in most of the neutral tantalum clusters, and whose EDM amplitudes may have a larger uctuation. The correlation between the geometrical structure and its ferroelectricity, shows the similar geometrical origin of the ferroelectric properties as that of Nb clusters.
58,59
3.5 Density of states and molecular orbitals
The s-, p-, d-projected partial and total DOS for the most stable congurations of representative Ta n clusters with n ¼ 4, 7, 10, 12, 13, and 15 are plotted in Fig. 9 and S1, † respectively. The Fermi level (E f ) is presented as a dashed vertical line, in which all the DOS cross the Fermi level, indicating that the metallicity of these clusters corresponded with the above analysis of the HOMO-LUMO gap. The energy levels for s, p, and d peaks are distinctly separated, and gradually broaden and non-localized as the cluster sizes increase. The total DOS of these selected clusters is mainly contributed from the d-projected DOS together with an amount of the p-projected DOS near the Fermi level, implying the hybridization states of p with d electrons. The valence bands are principally formed by overlaps of the atomic orbitals 5d and 6s. The total DOS is dominated by the contributions of d and p electrons below and above the energy of zero, respectively. However, the contribution of the sprojected DOS cannot be neglected in the whole energy level regions for tantalum clusters. As evidenced by the diagram, complex s and p-d hybridization states are revealed in the atomic orbit projected DOS curve. This means that a strong hybridization occurred between the s, p, and d states, especially for the p-d hybridization, which was mainly responsible for the electronic structure characterization of the tantalum clusters.
There exist four signicant isolated peaks near the Fermi level in DOS of ground state geometry for representative cases of the Ta 12 magic number cluster. The selected ground state Ta 7 , Ta 10 , Ta 12 , Ta 13 , and Ta 15 show similar electronic bands due to their similar geometry based on the BCC structure, which is energetically preferred in our structure optimizations. The corresponding active HOMO and LUMO orbital isosurfaces of these clusters are also depicted in the inset gure of Fig. 9 , from which one can obtain that both the HOMO and LUMO states of these clusters exhibit delocalized behavior. Besides, a deeper analysis of the molecular orbitals also show that the HOMO and LUMO orbitals are mostly contributed to by the 5d and 6s atomic orbitals. This indicates that 5d and 6s valence electrons in the atom shell play a dominant role in the chemical activities of tantalum clusters.
Electron affinity, ionization potential, and chemical hardness
Vertical electron affinity (VEA) and vertical ionization potential (VIP) are important properties that reect the size-dependent evolution of an electronic structure, and are dened by formulas given in the ESI. † The VEA is evaluated by adding one electron to a cluster in its equilibrium geometry and then taking the difference between their binding energies. The VIP is the energy difference between neutral and cationic clusters. The ionization potentials for Ta were obtained from their photoionization efficiency spectra by Collings et al. 11 Their results showed that the ionization potentials of small tantalum clusters containing less than 60 atoms decrease with size more rapidly than the results predicted by spherical droplet model. However, no accurate theoretical study has been performed to compare the results with experimental VIP values for neutral tantalum clusters. Here, we calculated the VEA and VIP versus cluster size from n ¼ 2 to 17 for the Ta n cluster using a more accurate DFT method combined with RECP and a corresponding valence basis set. Comparing with the available experimental values in ref. 11 , there is a remarkably good agreement with our calculated results as presented in Fig. 10 , which implies that the used accurate DFT determination is appropriate and the atomic structures for the ground state of tantalum clusters are reliable. Consequently, our theoretical results conrmed the experimental observation.
The calculated values of VEA for all the calculated clusters were much lower than their VIP values, which indicated that these clusters can easily accept one electron. The VIP decreased gradually as the cluster size increased, implying that the large number tantalum cluster will exhibit a high metallic character, and can more easily lose one electron comparatively to clusters with a smaller size. This trend of covalent-metallic transition and chemical reactivity is consistent with the above analysis of gradually decreasing HOMO-LUMO gaps for tantalum clusters. As shown in Fig. 10 , both the VEA and VIP curves of tantalum clusters exhibit oscillatory behavior roughly, but do not exhibit odd-even alternations as those of Na n , Cu n , Ag n , and Au n clusters. 60 The absence of an electronic shell effect means that the contribution to the stability of tantalum clusters relies on a geometric closed shell rather than an electronic closed shell. An important aspect of metal clusters has been the nding of magic clusters with closed electronic shells. 67 As an example, for Au clusters, 60 the even-odd oscillation in cluster stability and electronic properties predicted that non-compact structures with even numbers of atoms were more stable than neighboring clusters with odd numbers of atoms. 68 The stability of such magic clusters is even more pronounced if they also have a geometrically closed shell of atoms. 35 In the case of this paper, an empty cage icosahedral structure of Ta 12 was special because of the special structures having a geometric shell. As discussed in this paper, the Ta 12 cluster showed very prominent stability, and has a geometrically closed shell but not necessarily a closed electronic shell.
Chemical hardness has been established as an electronic quantity that may be used to characterize the relative stability of molecules and aggregates, in many cases by the principle of maximum hardness (PMH). Structures with large values of hardness are oen considered to be harder, namely, less reactive and more stable. 61 The chemical hardness (h) values can be approximated through the equation h ¼ (VIP À VEA)/2 using the VIP and VEA values; its detail denition can be found in the ESI † of this paper. The PMH is concerned with the study of the rationalizing of chemical reactions, and it also asserts that molecular systems present the highest value of hardness at equilibrium. 62 Assuming that the PMH holds in the system of neutral tantalum clusters, the chemical hardness could be expected to present a behavior with a local maximum at the number of magic clusters. As plotted in Fig. 10 , the cluster size with n ¼ 7, 10, 12, 15 (highlighted by red circles in Fig. 10 ) of Ta n present higher hardness values than their neighboring clusters. This also means that the stable magic number clusters are harder than their neighboring systems, while at the same time they are less reactive, conrming that the stability of neutral tantalum clusters is a manifestation of the PMH.
Static dipole polarizability
The static dipole polarizabilities of neutral tantalum clusters with up to 17 atoms were investigated using the numerically nite eld method in the framework of DFT. The nite eld approach implemented within the GAUSSIAN 03 package can be used to calculate the dipole moment and static electric polarizability components at the B3LYP/LANL2DZ level. 40 The measured data in most experiments are usually the mean polarizabilities (hai); as presented in the ESI, † this is calculated from the polarizability tensor by hai ¼ (a xx + a yy + a zz )/3, in which a xx , a yy , and a zz are the diagonal components (a ii ) of the polarizability tensor. The variation of the calculated values for the mean static dipole polarizabilities (hai) and its average for per atom (hai/n) with the cluster size are plotted in Fig. 11 and listed in Table S1 (ESI †), respectively.
It is important to remark that a strong correlation exists in which polarizabilities increases monotonically and linearly with cluster size. This important observation provides a way to estimate the polarizability for larger size clusters. This linear relationship farther suggest that the electrons are more strongly attracted by the nuclei in the tantalum clusters, and their electronic structure will be more compact. Fig. 11 also shows that the static polarizability per atom decreases slowly with increasing cluster size, accompanied with some local oscillations. By increasing the cluster size, the polarizabilities of Ta n (n ¼ 2-17) clusters exhibit local minima at n ¼ 4, 7, 10, 12, and 15 (highlighted by red circles in Fig. 11 ), all of which have relatively smaller polarizabilities in comparison with their neighbors in cluster size. The minimum polarizability principle (MPP) states that any system evolves naturally toward a state of minimum polarizability. 63 By applying the MPP to chemical reactivity, we can conclude that those clusters with the local minimum polarizability are more stable than the neighboring clusters. This is also in agreement with the discussion above on the stability of neutral tantalum clusters according to their energy difference and hardness analysis. In addition, by comparing the polarizability data of different geometrical isomers listed for the same cluster size in Table S1 (ESI †), we also could nd that the static polarizabilities per atom for most stable geometries of Ta n clusters (except Ta 16 ) were all lower than their close-lying competitive candidates and isomers.
Van Dijk et al. tried to compare the magnetic properties of Tm and Pr clusters with their electric properties experimentally, 21 and found that there was little correlation between the polarizability, electric dipole, and magnetic properties, which implied that the changes seen from one size to another in the magnetic moment were not of electric origin. An inverse relationship between the ionization potential and polarizability has been proved generally for neutral atomic systems. In this paper, valuable information for neutral tantalum clusters has been achieved by the strong correlation between ionization potentials and static dipole polarizabilities. As displayed in Fig. 12 , the cube root of the polarizability per atom (hai 1/3 /n) is directly proportional to the inverse of the vertical ionization energy per atom (VIP À1 /n) for tantalum clusters. The ionization potentials and electric dipole polarizabilities of clusters can be measured experimentally with laser photoionization spectroscopy and molecular beam deection, respectively. This strong linear correlation in here-reported theoretical prediction can be used to estimate the ionization potentials and electric dipole polarizabilities. It also provides a way to determine in the future experimental measurements of the atomic geometrical structure for neutral tantalum clusters. Fig. 11 The static electric polarizability and its average per atom of the lowest-energy structure of Ta n (n ¼ 2-17) clusters. 
Conclusions
We reported a comprehensive investigation into neutral tantalum clusters Ta n (n ¼ 2-17) by using DFT at the B3LYP/ LANL2DZ level. The optimal geometries of tantalum clusters preferred a compact growth route, leading to a BCC structure. The presented size dependence properties could be used to predict evolutional trends as the cluster size increased. This includes perfectly tting functional curves for the average bonding distance and binding energy per atom, the strong linear evolution for the binding energy and static dipole polarizability, and the obvious odd-even oscillation behavior for magnetic moments. The correlations between the relative stability with the second differences total energy, chemical hardness, and static electric polarizability, respectively, were coincident with each other when used to characterize those more reliable assignments of the global minima. Combined with the analysis of the charge density difference isosurface, the Ta 12 cluster showed very prominent stability; although this was not found in the experiment using mass spectrometry. Vibrational spectroscopy as a ngerprint can distinguish those competitive candidates that are the ground state structure among isomers close in energy. The calculated ionization potential and magnetic moments were reliable at a reasonable level compared with the available experimental data. Also, the HOMO and LUMO states exhibited delocalized behavior, and a strong hybridization occurred between s, p, and d states. For neutral tantalum clusters, the ionization potentials and static dipole polarizabilities were linearly related, while an inverse relationship was achieved between the HOMO-LUMO gap and the electric dipole moment. The investigated size dependence and correlations among the different descriptor parameters were shown to provide a way to conrm and predict experimental results.
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